The formability and failure behavior of TRIP steel blanks were investigated through various stress states. The forming limit diagram (FLD) at fracture is constructed both experimentally and numerically. Numerical studies are performed to evaluate the applicability of different damage criteria in predicting the FLD as well as complex cross-die deep drawing process.
Introduction
Transformation-induced-plasticity (TRIP) steels sheets are widely used in automotive structures due to their outstanding mechanical properties, like the forming potential and high energy absorption [1] [2] [3] [4] [5] . However, the application of high strength steels requires thorough knowledge of their formability behavior. Forming limit diagram at necking (FLD) is an indispensable tool for evaluating sheet metal formability at the industrial level. This diagram represents the maximum values of major strain-minor strain pairs at the onset of localized necking in a sheet subjected to different proportional linear strain paths. In this way, a boundary is established between strain states that facilitate sheet forming and those that lead the sheets into failure [6, 7] .
However, the experimental determination of sheet formability is accompanied by many complications and is a time-consuming procedure. Therefore, theoretical prediction methods have been taken into consideration for calculating and constructing the forming limit diagram for different materials. In this regard, several models have been proposed to calculate damage initiation. The well-known models are considered, Marciniak-Kuczynski (M-K) [8] , and
Gurson-Tvergaard-Needleman (GTN) [9] , which are extensively used for different materials and processes [10] [11] [12] [13] , due to the fact that they can relatively simply and easily be employed and the results are mostly accurate. Panich et al. [12] calculated both strain and stress based forming limit diagrams using M-K model for TRIP780. The results stated that stress based FLD was able to predict failure in the material. However, as the stresses could not be measured directly, it depended on used strain hardening law and yielding model. Bhargava et al. [14] applied different failure criteria to construct FLD of a TRIP steel. The results implied that its FLD was better predicted by the model which detected the deviation of major strain than punch force, thickness, and equivalent plastic strain. Paul [15] predicted FLD for various auto grade steel sheets among TRIP780 by developing a nonlinear regression equation. The results matched well with the experimental results, however for calibrating the model several experimental tests were performed.
The objective of the present work is to evaluate the ability of different damage criteria to predict the forming limits of TRIP700 steel sheet. The damage models selected based on specific characteristics, including simplicity, ease of use, and least dependence on the experimental calibration. The capability of the models in damage prediction for the studied steel was assessed through Nakazima punch stretching and cross-die deep drawing tests in order to induce linear and non-linear strain paths, respectively. Cross-die deep drawing test is a new experimental technique, which was originally designed by the automotive industry as a press-shop formability test technique [13, 16, 17] . Since this method is able to trigger a wide variety of stress states, i.e. from uniaxial tension to plane-strain, and biaxial tension, it is a good candidate to evaluate the formability of sheets.
Experimental procedure

Material
The formability of a TRIP700 steel sheet with a thickness of 1.2 mm was investigated. The chemical composition is represented in Table 1 , and the initial microstructure is shown in Fig.1 . The mechanical properties were evaluated through different directions by using tensile tests according to DIN EN 10002 standard and hydraulic bulge tests [18] . The data is illustrated in Fig. 2 and Table 2 .
Nakazima punch stretching test
The experimental forming limit diagram was calculated using Nakazima testing method. In this regard, different specimens with various geometries were first prepared, and then square grid patterns were etched electrochemically on their surface for strain analysis. The specimens were formed up to fracture and the limiting strains at necking and fracture areas were evaluated. Schematic geometries of specimens and the machine used for the forming process are illustrated In Fig. 3 .
Cross-die test
The cross-die deep drawing is able to cover a wide range of stress states. The experimental setup and the final product configuration, are shown in Fig. 4 . The side dimensions of initial square blanks were about 270 mm. Special oil with a friction coefficient of 0.05 was used to lubricate the steel surfaces. The punching speed was set at 35 mm/s and the blank holder force was set at 667 kN. The strain distribution of the products was measured with PHAST™ photogrammetric strain measuring equipment.
Numerical procedure
Failure criteria
In order to design a successful forming process, prediction of fracture probability during deformation is vital. In this respect, various theories have been introduced to detect the onset of sheet metals' failure which mostly based on deriving strains of necking region which lead to fracture. In the present study, three different failure criteria have been applied to calculate the forming limit strains for the different strain paths, as listed in Table 3 , and illustrated in Fig.5 .
1-As the experimental observations in sheet metals [19] show that the fracture plane inclined towards a direction which contains maximum shear stress, a shear failure model has been used. Tresca criterion predicts the onset of necking, based on a macroscopic function which describes damage accumulation [20] , Eq. 1.
2-Situ et al. [21, 22] proposed a localized necking model according to a physical viewpoint. In this criterion, when a critical element exhibits an inflection in its major strain rate history, the localized necking initiates. This inflection corresponds to a maximum in the major strain acceleration, Eq. 2.
3-In the other physical criterion which is suggested by Martínez-Donaire et al. [23] , the influence of localized necking zone on the adjacent elements is considered. According to this theory, the strain rate of the adjacent elements to the necking zone is gradually reduced as the strain rate evolution ceases, Eq. 3. In other words, these elements reach a constant level of strain or even undergo some elastic unloading before the fracture initiates, i.e. the deformation is only accompanied by elements in the necking zone.
Numerical simulation
Plasticity
The theoretical basis of the failure models has already been described. The assumptions used in these analyses are as follows:
1. Plane stress conditions, i.e. σ = 0.
2. Plastic incompressibility during deformation, i.e. dε + dε + dε = 0.
3. Hill's quadratic yield criterion [24] for planar isotropic materials,
where,
4. Associated flow rules,
5. An equivalent strain function,
6. An assumption of a linear proportional strain path, i.e. ρ = = constant.
7. Voce hardening law:
To apply any failure criteria, it is crucial to interpreting the complete stress-strain history of material during the deformation process. For this purpose, the Cauchy stress components (σ ) and the logarithmic plastic strain components (ε ), which are difficult to acquire directly from the experimental tests, were derived from the parallel numerical simulations (explained in the following section) at location of the failure. Furthermore, the other parameters were calculated by using above equations. It is worth mentioning that Tresca model was calibrated through both experimental and simulation results of the hemispherical punch tests from the specimens with 45 mm width, i.e. (τ max ) = 539 MPa.
Finite element method
The 3D finite element method simulations using commercial finite element code Abaqus/Explicit 6.14 have been performed to analyze the Nakazima punch stretching and cross-die tests. The die, punch, and blank holder were defined as analytical rigid parts, and the sheet was assigned as a deformable homogenous shell (all dimensions were according to the experimental set-ups). The mechanical properties were extracted from the uniaxial tensile test. Hill 1948 criterion was adapted to simulate the yielding and the frictional conditions were considered by Coulomb friction model. The simulation and material data are given in Table 4 . A four-node quadrilateral shell element (S4R) with the size of 0.4×0.4 mm 2 was employed. The mass scaling factor has been defined, therefore it was made certain that the ratio of kinetic energy to internal energy would not become too large. To reduce the computational time, the mass scaling factor was assumed to be equal to 1000. After clamping, the holder was fixed and the punch was moved towards the sheet. The optimal clamping force was chosen such that the blank neither drew-in nor tore near the draw bead during forming. The examined elements were chosen based on the experimental fracture site and the assumption of each criteria.
Results and discussion
Three different damage models have been considered to predict the formability of TRIP700 steel sheets through various stress states. In order to present the results properly, this section is divided into two parts which are based on the testing techniques that are utilized. In each part, the experimental and numerical results are discussed.
Nakazima punch stretching tests
The experiments were carried out for different geometries to induce various strain paths and the FLD was calculated, Fig. 6 . The simulation results, which were performed according to the experimental tests, show each specimen experienced a specific, almost linear strain path before fracture and the designed specimens were able to cover a wide range of strain paths, Fig. 6 , from uniaxial tension to equi-biaxial tension. The calculated FLD illustrates relatively low forming limits in comparison to other high strength steels [26, 27] . The accuracy of the simulations was evaluated by the deformation history and failure location for all specimens as well, Fig. 7 .
Concerning the fracture surfaces analysis, we refer to literature results from stretched specimens in the different deformation conditions made by Quade [28] as shown in Fig. 8 . In the low magnifications, the surfaces seem to be smooth as brittle fracture characteristic.
However, by increasing the magnification very fine dimples reveal the ductile dominant feature of fracture for this material. Although they are different in number, size, and depth for each strain path. As observed in Fig. 8 , fracture surface of all the specimens show a bimodal distribution of large stringers and fine equi-axed dimples, as reported for other high strength steels [29] . It is worth mentioning the uniaxial tension mode would force the voids to incline towards the loading direction and restrict their growth. It is caused due to the low stresstriaxiality of this mode which approaches the pure shearing condition [30] [31] [32] . The increase in stress-triaxiality leads more void growth and coalescence, which line up more parallel to the loading direction. The existence of fine voids implies the occurrence of shear coalescence, which suppresses large expansion in the voids' volume [33] . The large stringers of voids indicate the primary voids, which underwent significant growth along the fracture surface.
The forming limits were calculated using the damage models described before. In addition, the capacity of each model in forming limits prediction was assessed, Fig. 9 (b) , by statistical analysis of the relative error, calculated by the following equation:
Relative error= × 100%
The results show that all the models are able to predict the strain paths near plane strain mode relatively in good agreement to the experiment, i.e. for specimens with 30, 45, and 60 mm width. Nevertheless, the uniaxial tension mode, 15-mm width specimen, was calculated well by Tresca model. It is related to the fact that this condition is near pure shear mode and the effect of shear stress is dominant, as illustrated in Fig. 8 (b) . Although, the equi-biaxial condition is better predicted by Situ model than by Tresca. It implies that the material underwent more localized necking in this stress state, as approved in Fig. 6 where the strain path is gradually changing to plane strain mode, and in Fig. 8 more and deeper dimples can be observed throughout the fracture surface. Although it should be noted that the creation of localized necking may not necessarily induce plane strain state immediately. Even after necking, the minor strain keeps varying to some extent as the neck grows [34] . The results of Martínez-Donaire criterion always inclined between the other two models, which imply that the model defines damage not based on the effect of shear stress. Although, it should be always less than Situ model, since the data is gathered from an adjacent element in the instability region which seems to be more sensitive to necking. Note that the region of instability, or necking region, included all points that increased monotonically their level of strain until fracture occurred.
Cross-die deep drawing tests
The cross-die deep drawing tests were carried out for two different height, 39.5 and 48.6 mm which led into safe and critical products, respectively. The strain distribution measurements for the products by PHAST TM equipment, Fig. 10 . In both products, the strain distributions are far above the forming limit curve, which was calculated by Nakazima punch-stretching tests, (up to 12%). The minor and major strains of the 48.6-mm-height product were illustrated in Fig. 11 . The strain path analysis of cross-die tests reveals the complex forming process, Fig. 11 (c) . Fig. 12-14 show the simulation results of the cross-die test. The fracture location and the force-displacement response were predicted precisely. The strain distribution and product height at the onset of damage were obtained through different damage models. In addition, the experimental FLD was considered as one of the damage models. It is worth mentioning that the shape and concavity of the FLD has strong effect on the prediction of damage location. Therefore, these results of cross-die test are different from the ones for DP600 [35] .
The capability of the models in damage prediction was illustrated in Fig. 15 . Although predicted FLDs at plane strain condition were close to the experimental data, the precision was reduced for other conditions. It is worth mentioning that some negligible errors might occur in both the experimental and numerical approaches. For instance, in FE simulations the parameters which are supposed to have minor effects on the final results are eliminated, such as temperature, adiabatic heating, and strain rate. In addition, in experiment stopping the process at the exact moment of the fracture onset is very difficult.
However, the location of failure for experiments and simulations are in good agreement. Note that the bending effects result in some differences between integration points on the top or bottom surfaces. The strain states of the integration points on the inside (−) and outside (+) surfaces at the fracture moment are plotted in Fig. 13 (a) and (b) , respectively. These point out that the failure triggered outside of the cross-die product, based on experimental FLD.
Conclusion
The formability of sheet metals is mostly limited by the occurrence of localized necking, i.e.
non-uniform strains within a small region in the plane of the sheet. Therefore, estimation of materials' formability plays a principal role in the design of sheet forming processes. In this regard, applying simple accurate models are highly beneficial. In this study, three simple damage models were employed on the data of Nakazima punch stretching and cross-die deep drawing tests. The results show that the material failed in different modes for different strain path. When the shear failure was dominant, like uniaxial tension, the Tresca model was able to calculate the damage initiation. Whereas, for the conditions which the localized necking caused damage initiation, like equi-biaxial tension, the Situ model predicted precisely. Table 3 . The failure criteria were used in the study.
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Equation
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is a material constant which calibrated by the experimental results of 25-mm width specimen of hemispherical-punch test along with numerical simulation, in the present study. 
